The study was to investigate the effects of fermented cottonseed meal (FCSM) on growth performance, serum biochemical parameters, immune functions, antioxidative abilities, and cecal microflora in broilers. The cottonseed meal (CSM) was fermented with Bacillus subtilis ST-141 and Saccharomycetes N5. Hundred and twenty-eight one-day-old male Arbor Acres broilers were randomly divided into four groups: a corn-soybean meal (SBM) basal diet, and three experimental diets (CSM, FCSM-1, and FCSM-2) in which the control diet was supplemented with CSM or FCSM to partially replace SBM.
Introduction
Soybean meal (SBM) is generally recognized as an effective and high-quality protein feedstuff (Azarm & Lee, 2014; Kim, 2014; Taliercio, Loveless, & Turano, 2014) . However, the supply of high-quality protein feedstuff (such as SBM and fish meal) becomes deficit, and the cost of SBM is increasing and fluctuant, especially in China. China is very rich in cottonseed meal (CSM) and has been considered as an alternative to SBM for a long time.
concentrations of calcium (method Ca, and phosphorus (method P 12b-92) were analyzed by AOCS (2009) . The content of acid-soluble protein was determined by the trichloroacetic acid method (Zhang & Shen, 2013) . Amino acid content was analyzed using the amino acid analyzer (Hitachi L-8800, Japan). The value of pH was determined by a pH meter (Ohaus Starter 2100, America). FG contents were determined according to the method of the American Oil Chemists Society (AOCS, 2009; method Ba 7b-96) . Saccharomycetes and B. subtilis were analyzed according to the method of ISO 4833 (2013) .
Experimental design and bird management
Broilers care and handling were in compliance with the Animal Ethics Committee Guidelines of Academy of State Administration of Grain (Beijing, China). A total of 128 oneday-old male Arbor Acres broilers were obtained from a commercial hatchery (Huadu Broiler Breeding Farms, Beijing, China) , and the initial body weight was 41.90 ± 0.22 g. The birds were randomly divided into four groups with eight replicates of four birds each. The control birds were fed with a corn-SBM basal diets, and three experimental diets were supplemented with 8.9% of CSM, 8.9% of FCSM or 17.9% of FCSM in starter phase (days 1-21), and supplemented with 7.5% of CSM, 7.5% of FCSM, or 15.1% of FCSM in the grower phase (days 22-42), respectively. The four groups were labeled as SBM, CSM, FCSM-1, and FCSM-2. Experimental diets (Table 1) , in mash form, were formulated to meet nutrient requirements of Chinese feeding standard of chicken (NY/T 33-2004) , and all experimental diets had the same nutrient level. Feeding trial consisted of feeding starter (days 1-21) and grower (days 22-42) diets.
The birds were housed in cages with wire mesh floor in an environmentally controlled room. Environmental temperature in the room was maintained at 32-35°C in the first week and then gradually reduced to 22°C until the end of the trial. The stocking density was 560 cm 2 /bird. Feed and water were provided ad libitum. The broilers were vaccinated with ND-IB vaccine at day 7, and IBD vaccine at day 14.
Growth performance
On days 21 and 42, body weight and feed intake were recorded on a cage basis after a 12-h fasting. ADG, ADFI, and FCR were calculated during the starter (days 1-21), finisher (days 21-42), and overall period (days 1-42). The mortality was recorded during the whole feeding trial.
Serum biochemical parameters
On days 21 and 42, one bird was randomly selected from each cage, and serum samples were taken from the wing vein. Then the blood samples were centrifuged at 3000 g for 15 min at 4°C, and the serum was harvested and stored at −20°C. The levels of serum IgA, IgM, and IgG were measured by chicken-specific ELISA kits (Uscn Life Science Inc., Wuhan, China). The ELISA procedures were done as described by the manufacturer's protocol.
The levels of serum TP (cat#: A045-2), ALB (cat#: A028-2), TG (cat#: A110-1), BUN (cat#: C013-2), aspartate aminotransferase (AST, cat#:C010-2), and alanine aminotransferase (ALT, cat#: C009-2) were measured by the commercially available colorimetric diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
The level of MDA (cat#: A003-1), and the activities of T-AOC (cat#:A015), GSH-Px (cat#: A005) and T-SOD (cat#: A001-3) in the serum were measured by commercially available colorimetric diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Antioxidative abilities of liver tissue
On days 21 and 42, after collecting serum samples, the birds were euthanized by jugular bleeding. Liver tissues were isolated and immediately put into liquid nitrogen, then the liver tissues were minced and homogenized (10%, w/v) in physiological saline water at 4°C, then centrifuged at 3500 g for 15 min at 4°C, and the supernatant was collected and stored in −20°C for further analysis. The level of MDA (cat#: A003-1), and the activities of T-AOC (cat#: A015), GSH-Px (cat#: A005) and T-SOD (cat#: A001-3) in liver tissue were measured by commercially available colorimetric diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The protein content of the liver tissue was measured by Coomassie Brilliant Blue G-250 reagent (cat#: A045-2) using bovine serum albumin as a standard. The measured procedures were done as described by the manufacturer's protocol. The cecal contents were aseptically removed and put in sterilized tubes, and stored at 4°C for subsequent enumeration of microbial population. The cecal digesta samples were diluted 10-fold with sterilized physiological saline and vortexed for 5 min. The number of Lactobacilli was quantified on MRS agar as described by Chiang et al. (2010) and total anaerobes were cultured on Wilkins-Chalgren agar (Mountzouris et al., 2010) . All digesta samples were determined in triplicate, and the best replicates from the resulting dilutions in 30-300 colonies were used to calculate the target microbial populations. The results were expressed as log 10 colony-forming units per gram of digesta for statistical analysis. All agars were obtained from Hopebiol, Bio-technology Co., Ltd (Qingdao, China).
Statistical analysis
The statistical analysis was performed with SPSS 17.0 software for Windows. Data are presented as the mean ± standard deviation. Differences between the mean values for individual groups were assessed by one-way ANOVA and Student-Newman-Keuls tests. A significance level was defined when P-value was < .05.
Results

Chemical composition of CSM and FCSM
Fermentation of CSM with B. subtilis ST-141 and Saccharomycetes N5 dramatically reduced the FG level (from 820 to 346 mg/kg) and dramatically increased the content of acid-soluble protein (from 3.59% to 5.63%). Comparatively, FCSM had lower crude fiber level (8.5% vs. 7.97%) and pH value (6.45 vs. 5.61) than CSM. Moreover, FCSM (wet basis) also had greater concentrations of Saccharomycetes and B. subtilis than CSM. But the contents of other nutrient compositions were similar between FCSM and CSM (Table 2) .
Growth performance
The effect of FCSM on growth performance is presented in Table 3 . From days 1-21, there were no significant effects on ADG, ADFI, and FCR among all the groups (P > .05). Over the whole experimental period (days 1-42), there was no significant effect on ADG among SBM, CSM, FCSM-1 groups, but ADG was significantly decreased in birds fed FCSM-2 diet (P < .05). Compared with the SBM group, FCR was significantly increased in birds fed CSM, or FCSM-2 diet (P < .05), but FCR had no significant difference between CSM and FCSM-2 group (P > .05). From days 22-42, FCR was significant in birds fed FCSM-2 diet (P < .05).
Serum immunoglobulin level
The effect of FCSM on serum immunoglobulin level is presented in Table 4 . On day 21, no significant difference was observed in serum IgA level among all groups. Compared with the other groups, the serum IgM level of birds in the FCSM-1 group was significantly increased on days 21 and 42 (P < .05). The levels of serum IgM and IgG of birds fed FCSM-1 diet were greater than that in the CSM group (P < .05). Compared with the SBM group, the serum IgM level of birds fed CSM diet was significantly decreased (P < .05), but the serum IgM level of birds between SBM and FCSM-2 groups had no significant difference (P > .05) on day 42. Means in the same row with no common superscripts differ significantly (P < .05). 1 Data were means of eight cages of birds.
Serum biochemical parameters
The effect of FCSM on serum biochemical parameters is presented in Table 5 . Compared with other groups, the levels of serum TP, ALB, and BUN were significantly decreased on days 21 and 42 (P < .05), and the level of serum TG was significantly increased on day 42 (P < .05) in birds fed CSM diet. The levels of serum TP, ALB, and BUN on day 21 and the level of serum TG on day 42 of birds in SBM, FCSM-1, and FCSM-2 groups had no significant differences (P > .05). There was no significant effect on serum AST and ALT levels of birds among all the groups.
Serum antioxidative ability
The effect of FCSM on serum antioxidative ability is shown in Table 6 . The activities of serum GSH-Px and T-SOD in birds fed FCSM-1 diets were greater than that in the CSM group on day 21 (P < .05). The level of serum MDA was lower and the activities of serum T-AOC and GSH-Px in birds fed FCSM-1 diets were greater than that in the CSM group on day 42 (P < .05). Compared with the SBM group, birds fed CSM diets had lower serum T-SOD and T-AOC activities on day 21 (P < .05), and had higher Means in the same row with no common superscripts differ significantly (P < .05). 1 Data were means of eight birds per treatment.
MDA level on day 42 (P < .05). The activities of serum T-AOC, GSH-Px, and T-SOD on days 21 and 42, and the level of MDA on day 42 had no significant differences (P > .05) among SBM, FCSM-1, and FCSM-2 groups. Besides, there were no significant differences (P > .05) in the levels of serum T-AOC and MDA on day 21 and the activity of serum T-SOD activity on day 42 among all the groups.
Antioxidative ability in liver tissue
The effect of FCSM on liver antioxidative ability is presented in Table 7 . Compared with the CSM group, the birds in the FCSM-1 group had greater T-AOC and GSH-Px activities, and lower MDA level in the liver tissue on day 21 (P < .05), and had greater T-AOC and T-SOD activities in the liver tissue on day 42 (P < .05). Compared with the FCSM-2 group, the birds in the FCSM-1 group had greater GSH-Px activity on day 21 (P < .05), and had greater T-AOC and T-SOD activities in the liver tissue on day 42 (P < .05). The activities of T-AOC and GSH-Px and the level of MDA on day 21, and the activities of T-AOC and T-SOD on day 42 had no significant differences between SBM and CSM groups (P > .05). Besides, there were no significant differences (P > .05) in T-SOD activity on day 21 and in GSH-Px activity and MDA level on day 42 among all the groups. Note: T-AOC, total antioxidant capacity; GSH-Px, glutathione peroxidase; T-SOD, total superoxide dismutase; MDA, malondialdehyde; SBM, soybean meal; CSM, cottonseed meal; FCSM, fermented cottonseed meal.
a,b
Means in the same row with no common superscripts differ significantly (P < .05). 1 Data were means of eight birds per treatment. Note: T-AOC, total antioxidant capacity; GSH-Px, glutathione peroxidase; T-SOD, total superoxide dismutase; MDA, malondialdehyde; SBM, soybean meal; CSM, cottonseed meal; FCSM, fermented cottonseed meal.
Means in the same row with no common superscripts differ significantly (P < .05). 1 Data were means of eight birds per treatment.
Cecal microbiota
The effect of FCSM on cecal microflora population is presented in Table 8 . Birds in the FCSM-1 group had greater Lactobacilli counts in ceca digesta than other groups on day 21 (P < .05), and birds in the CSM group had lower total anaerobic bacteria counts on day 42 (P < .05) and had lower Lactobacilli counts in ceca digest on days 21 and 42 (P < .05). Compared with the FCSM-2 group, the birds in the FCSM-1 group had greater Lactobacilli counts in ceca digesta on day 21 (P < .05).
Discussion
The current study showed that CSM fermented by B. subtilis ST-141 and Saccharomycetes N5 had lower FG level, crude fiber level, pH value and had higher acid-soluble protein content compared with CSM. Similarly, Sun et al. (2015a) reported that fermentation of CSM with B. subtilis BJ-1 significantly reduced FG level and increased CP level. Nie et al. (2015) reported that CSM fermented by Candida tropicalis and C. tropicalis plus Saccharomyces cerevisiae significantly improved CP and crude fat levels. Gadelha, Fonseca, Oloris, Melo, and Sotoblanco (2014) reported that FG can significantly inhibit growth performance and increase mortality in broilers. But the negative effect of FG is related to additional level. He et al. (2015) reported that 75% SBM could be replaced by low-gossypol CSM (21.76 mg/kg) without affecting the poultry growth performance. Other report also demonstrated that compared with the control group (0% CSM), 6% CSM (74.4 mg/kg FG) had no negative effects on ADFI and laying rate from 40 to 49 weeks in laying hens (Yuan et al., 2014) . The current result showed between days 22-42 and 1-42, ADG and ADFI had no significant difference among SBM, CSM (65.6 mg/kg FG), and FCSM-1 (27.7 mg/kg FG) groups, but FCSM-2 group (55.3 mg/kg FG) significantly decreased ADG and increased FCR. So it is interesting to note that though FG level in FCSM-2 diets was lower than CSM diets, it had negative effect on growth performance. The reasons may be associated with the other anti-nutritional factors such as malvalic and sterculic acid (He et al., 2015) , which may contribute to performance depression. Besides, it has been proved that lysine and arginine had antagonism effect. The ration of arginine and lysine in FCSM-2 diet was higher, which could influence the digestibility of amino acid and may relate to performance depression.
The microbial fermentation process can produce many beneficial substances, such as small-size peptides, exoenzymes, vitamins, organic acids, which can promote the immunity of animals (Johnson, 2013; Zhao, Schieber, & Gänzle, 2016) . In the present study, dietary supplementation of FCSM increased serum IgM and IgG levels compared with SBM groups. Tang et al. (2012) reported that birds fed FCSM diets exhibited increased serum IgM, IgG level, and complement C4 level on day 42 compared with birds fed SBM diet. Moreover, the microorganisms used for CSM fermentation is focused on probiotics, such as Lactobacillus, B. subtilis, Yeast, or Fungi, which can positively affect the modulation either innate or acquired immunity, or both (Amerah et al., 2013; Bai et al., 2013) . The live microbes in FCSM may act as probiotics to enhance humoral immune response of broiler (Latesh, Singh, & Manoj, 2013; Stašová et al., 2015) . Besides, although the live microbes in the FCSM was dead through the drying process, heat-killed microbes also can generate beneficial biological responses to stimulate the gastrointestinal immune function (Adams, 2010) .
Blood biochemical parameters can indicate the metabolism process of nutrients (Hu et al., 2015) . The current study showed the broilers fed FCSM-1 diets had higher serum and liver antioxidative abilities compared with bird fed CSM diet. Previous studies have shown that fermented soy products and fermented camel milk had high levels of antioxidant activity along with the ability to scavenge free radicals in vitro (Soleymanzadeh, Mirdamadi, & Kianirad, 2016; Xu, Du, & Xu, 2015) . So fermented feed might alleviate the tissue lipid peroxidation, enhance antioxidant capacity and decrease oxidative damage (Hu et al., 2015) . The enhancement of antioxidative capacity in FCSM may be attributed to many active peptides derived from the CSM protein hydrolysates that can scavenge the free radicals. Gao, Cao, and Li (2010) demonstrated that cottonseed protein hydrolyzed with Neutrase contains peptides with strong antioxidant activity. In addition, previous study indicated that the cottonseed peptides prepared by the fermentation process displayed a dose-dependent effect on the free radical-scavenging activity, hydroxyl radical activity, metal-chelating ability, and reducing power (Sun et al., 2015b) .
Intestinal microbial populations play an important role in maintaining intestinal health of broilers. Lactic acid bacteria belong to aboriginal microbe in the gastrointestinal tract of broilers (Mataharo, Reséndizsandoval, & Hernández, 2014; Prado-Rebolledo et al., 2016) . Jose, Bunt, and Hussain (2015) indicated that Lactobacilli can inhibit the growth of putrefactive and pathogenic bacteria. The current study showed that broilers fed FCSM diets significantly increased Lactobacilli counts in ceca digesta compared with the CSM diet. The effect of FCSM on the cecal microflora composition is most likely due to the existence of Lactobacilli (live or dead cells) after fermentation. A balanced microbial population would support a healthy intestinal tract functions (Ohland & Jobin 2015) . Sun et al. (2013a) reported that dietary inclusion of FCSM (210 mg/kg FG) did not affect the intestinal microbial diversity, but increased Lactobacilli counts. Chiang et al. (2010) demonstrated that broilers fed fermented rapeseed meal had greater Lactobacilli counts in ceca digesta. In the present study, the broilers fed FCSM-1 diets significantly increased the number of total anaerobic bacteria in ceca digesta compared with CSM diet on day 42, which is consistent with the result of Sun et al. (2013b) .
Conclusions
In summary, the current study indicated that solid-state fermentation with B. subtilis ST-141 and Saccharomycetes N5 significantly reduced FG level and improved the Means in the same row with no common superscripts differ significantly (P < .05). 1 Data were means of eight birds per treatment.
nutritional value of CSM. FCSM could improve growth performance, increase serum immunoglobulin level and antioxidative abilities, and balance cecal microflora in broilers, but higher FCSM inclusion level had negative effects on growth performance. Therefore, FCSM could be a promising alternative protein source in broiler feed.
